Injection and combustion of vaporized kerosene was experimentally investigated in a Mach 2.5 model combustor at various fuel temperatures and injection pressures. A unique kerosene heating and delivery system, which can prepare heated kerosene up to 820 K at a pressure of 5.5 MPa with negligible fuel coking, was developed. A three-species surrogate was employed to simulate the thermophysical properties of kerosene. The calculated thermophysical properties of surrogate provided insight into the fuel flow control in experiments. Kerosene jet structures at various preheat temperatures injecting into both quiescent environment and a Mach 2.5 crossflow were characterized. It was shown that the use of vaporized kerosene injection holds the potential of enhancing fuelair mixing and promoting overall burning. Supersonic combustion tests further confirmed the preceding conjecture by comparing the combustor performances of supercritical kerosene with those of liquid kerosene and effervescent atomization with hydrogen barbotage. Under the similar flow conditions and overall kerosene equivalence ratios, experimental results illustrated that the combustion efficiency of supercritical kerosene increased approximately 10-15% over that of liquid kerosene, which was comparable to that of effervescent atomization.
Introduction

I
N practical liquid-hydrocarbon-fueled scramjet operations, the most commonly adopted method to cool the engine would be regenerative cooling. The liquid fuel before being injected into the combustor is circulated through the walls of the combustor typically under high pressures of 35-70 atm (Ref. 1) . It is also expected that the fuel temperature and its thermodynamic state vary with the flight Mach number and the different stages of the flight mission. 2, 3 In the early flight stage, the amount of heat absorbed by the fuel is minimal; the liquid-hydrocarbon fuel would remain in the liquid state before entering the combustor. As the flight speed increases, the fuel temperature rises, and the fuel can transform to the vapor phase when exceeding its bubble point. If both fuel temperature and pressure are higher than the thermodynamic critical point, the fuel becomes supercritical. Further increasing the fuel temperature beyond 750 K would lead to thermal decomposition of the hydrocarbons in the fuel.
recirculation zone with minimal stagnation pressure losses, 4−11 different atomization methods for achieving fast evaporation and fuelair mixing, 12−15 and diverse chemical enhancements for shortening the characteristic reaction time through the use of partially cracked hydrocarbon fuels, 16−18 pilot hydrogen, 4,5,14,19−22 or plasma. 23−25 Along these lines, we have systematically examined the effects of injection strategy, pilot hydrogen, and cavity geometry on the performance of various liquid-kerosene-fueled model combustors. 26, 27 It was also shown that a higher level of atomization can be achieved by using effervescent atomization, which can further promote the overall burning of kerosene in a supersonic airflow. 27, 28 As discussed earlier, with the use of regenerative cooling the liquid fuel could be vaporized before reaching the fuel injector. Even before the temperature is sufficiently high for the fuel to thermally react, the changes in thermophysical properties of the fuel, from saturated liquid to supercritical fluid, are expected to significantly affect the fuel injection process and the subsequent fuel-air mixing and combustion inside the supersonic combustor. Specifically, in the supercritical region the fuel exhibits liquid-like density, gas-like diffusivity, and pressure-dependent solubility. 29 As such, during injection the supercritical fuel can be directly transformed to the gaseous state corresponding to the local combustor condition. Either being supercritical or subcritical, one apparent benefit utilizing vaporized fuel injection is to bypass the atomization and vaporization processes. As a result, the overall fuel-air mixing could be enhanced. This would also in turn expand the combustion stability range by promoting self-ignition and extending the extinction limits.
Recognizing that experimental investigation involving the use of vaporized hydrocarbon injection in a supersonic model combustor with flame-holder cavities is meager, the present study aims to extend our previous endeavors on liquid-kerosene combustion in supersonic crossflows to assess the combustor performance with vaporized kerosene injection through systematic experimental characterizations. The effects of the changes in the fuel states on fuel injection process, self-ignition limit, and combustion efficiency of a kerosene-fueled supersonic model combustor were examined. A unique fuel delivery and injection system that covered a wide range of fuel injection modes, varying from liquid atomization to vaporized fuel injection, was also developed to carry out the experiments.
To accurately determine the flow rate of supercritical-pressure, high-temperature kerosene vapor and to control the fuel conditions inside the fuel delivery and heating system, the thermophysical properties of kerosene as functions of pressure and temperature are needed. Because kerosene fuels are complex mixtures of alkanes, naphthenes, and aromatics, and their compositions vary constantly with time and place of production, it is impossible to define a precise composition of the kerosene fuel. Therefore, it is necessary to select a fuel surrogate to simulate various physical and chemical processes of kerosene for reproducibility in numerical and experimental studies. 30−34 An regressive study was conducted to identify a representative surrogate for the kerosene employed in the experimental investigation. The thermophysical properties of this kerosene surrogate were then theoretically calculated.
In the following text, we shall first describe our test facility, including the supersonic model combustor and the two-stage heating and delivery system for liquid/vaporized-kerosene injection. Determination of a three-species kerosene surrogate and theoretical calculations of the associated thermophysical properties will then be presented. Moreover, the procedure of calibrating the mass flow rate of supercritical-pressure kerosene vapor will be outlined. Additionally, the measured mass flow rate of kerosene vapor will be compared with the computed value. Subsequently, the injection of heated kerosene jet into quiescent atmosphere and a Mach 2.5 crossflow will be characterized using direct photograph and schlieren images, respectively. Finally, combustor performances using liquid-kerosene injection, effervescent atomization with hydrogen barbotage, and vaporized-kerosene injection will be compared and discussed.
Facility Descriptions Test Facility
The experiments were conducted in a Mach 2.5 test facility that consisted of a vitiated air supply system, a multipurpose supersonic model combustor, and a kerosene delivery and heating system. The vitiated air was provided by burning hydrogen, oxygen, and air in the heater with the resulting oxygen volume fraction equal to that of the normal air. The facility operation, control, and data acquisitions were accomplished with a computer. It was capable of supplying heated air at stagnation temperatures of 800-2100 K and stagnation pressures of 0.7-1.3 MPa. Details of this facility were described in the study of Li et al. 35 The model combustor with a total length of 1070 mm, as shown in Fig. 1 , was composed of three sections, including one nearly constant-area section with a cross section of 51 mm in height and 70 mm in width and two divergent sections. Two interchangeable integrated fuel injector/flameholder cavity modules were installed on both sides of the combustor, each with a depth of 12 mm, a 45-deg aft ramp angle, and an overall length-to-depth ratio of 7. In each module, there were five orifices of 0.9 mm (0.5 mm) diam designed for vaporized (liquid) kerosene injection, while there were five orifices of 1.0 mm diam available for pilot hydrogen injection. Both kerosene and pilot hydrogen were injected normally to the airflow upstream of the cavities. For light access and observation, a pair of quartz windows, each was 46 mm in height and 124 mm in length, were installed on both sides of the combustor near the location of cavity module. The entire test facility was mounted upright on a platform and can be translated laterally and vertically. It usually took approximately 2.5 s to establish a steady Mach 2.5 airflow, and a typical run lasted around 7 s.
Kerosene Delivery and Heating System
A major concern in the kerosene heating system is how to prevent the carbon formation, particularly because of pyrolytic cracking. The rate of this fuel coking is generally proportional exponentially to temperature and linearly to the residence time. 1 To minimize the fuel coking at high temperature, a two-stage heating system was designed, which is shown in Fig. 2 . The first stage was a storagetype heater that can heat kerosene of 0.8 kg up to 570 K within a relative longer heating time (typically 20 min) with minor/negligible coking deposits, whereas the second stage was a continuous one, which was capable of rapidly heating kerosene to 830 K or higher. The residence time of vaporized kerosene within the second heater was very short, typically less than 2 s, thereby minimizing the extent of fuel coking.
The first-stage heater consisted of a 20-m-long stainless-steel tube of 20 mm inner diameter and 1.5-mm wall thickness, which was wound into a cylinder shape of 30 cm diam. The stainless-steel tube was wrapped with five 960-W heating tapes, which were controlled independently in order to achieve a uniform temperature distribution along the tube. On the other hand, the second-stage heater was heated electrically by directly passing a current through the stainless-steel tube at 80-100 dc voltages from a pulsed ac/dc welder power supply of 250 kW. In addition, the second-stage heater and the fuel injector were connected by 10-mm-diam tubes, which were also wrapped by heating tapes to reduce heat loss and avoid kerosene condensation before reaching the injector.
Two pneumatic valves (Swagelok, model No. SS6UM) were employed to turn on/off the two heaters promptly, as shown in Fig. 2 . After each run, nitrogen was used to purge the residual kerosene inside the second-stage heater to eliminate carbon deposit accumulation. Two groups of K-type thermocouples, TC11-14 and TC21-24 in Fig. 2 , were installed on the surface of or inserted into the heater tubes and were used to monitor and achieve the feedback control of fuel temperature distribution along the heating system.
Much effort was also devoted to establishing a quick delivery of the heated kerosene with stable fuel temperature and pressure. Figure 3 shows the performance of the two-stage heating system by plotting the time variations of temperature and pressure of the kerosene vapor at the exit of the second heater. In this case, the pneumatic valve between the first and second heaters was turned on at a reference time t of 2 s, and the fuel injection started at t = 4 s. It is seen from Fig. 3 that the fuel temperature and pressure profiles leveled off in about 2 s after kerosene injection and were kept almost constant during the experiment duration.
To carry out accurate measurements of kerosene vapor flow rates, a sonic nozzle flowmeter of 2.15 mm in throat diameter was designed and installed between the second-stage heater and the fuel injector for real-time monitoring. The design of the flow-rate meter, calibration procedure, and thermophysical property calculations of the kerosene surrogate are detailed in the following sections.
Thermophysical Properties of Kerosene Surrogate Composition of Kerosene Surrogate
Depending on either the physical or chemical properties of the parent fuel that are to be simulated, the fuel surrogate can be categorized as a physical or a chemical surrogate. In the literature, a number of surrogates have been proposed for the common jet fuels. 30−34 For the present study, the determination of the mass flow rate of supercritical kerosene was of particular interest. Therefore, a physical surrogate was developed to match the thermophysical properties of the aviation kerosene employed in experiments, such as density, normal boiling point, and critical parameters. Table 1 lists the measured mass fractions of various components of China no. 3 aviation kerosene employed herein. On a molar basis, it was approximately composed of 92.5% saturated hydrocarbons, 0.5% unsaturated hydrocarbons, and 7% aromatic hydrocarbons. As shown in Table 1 , the major compounds are n-alkanes, monocycloalkanes, and aromatics. To match the compound class, it is desirable for the surrogate fuel to contain at least one representative compound from each class. 30 Among many candidates in n-alkanes and monocycloalkanes, n-decane and 1,3,5-trimethylcyclohexane were selected because their normal boiling temperatures are approximately 447 and 413 K, respectively, which are comparable to the measured dew temperature (∼452 K) and bubble temperature (∼415 K) of China no. 3 aviation kerosene. In addition, guided by Dagaut's three-component surrogate, 31 n-propyl-benzene was selected to represent the class of aromatic hydrocarbons. The molar fraction of each compound was initially chosen according to Table 1 and subsequently adjusted in order for the calculated values of density and critical parameters to match the experimental data. After several iterations, the final surrogate fuel consisted by mole of 49% n-decane, 44% 1,3,5-trimethylcyclohexane, and 7% n-propyl-benzene.
Thermophysical Modeling of Kerosene Surrogate
In the vaporized kerosene injection with fuel state near or above the critical point, the fuel behaviors are very complex and sensitive to pressure and temperature variations. No single equation of states is available to fully represent the properties of the fuel over the entire range of temperatures and pressures. Thus, the thermophysical properties of the present three-species surrogate were computed using the NIST SUPERTRAPP 36 software package based on the extended corresponding states principle. 29, 37 The corresponding states principle assumes that the equations of states when presented in terms of the reduced variables (normalized by the corresponding critical value) for various fluids follow exactly the same pattern and can be represented by those of single reference fluids. Because only few simple fluids follow this corresponding states principle very accurately, the extended corresponding states principle adds one more parameter called "acentric factor" to account for the deviation of molecular shape from sphere and the effect of molecular dipole moment. The Benedict-Webb-Rubin equation of states was used to evaluate the properties of the reference fluid.
38 Figure 4 shows the calculated density-temperature isobars of the present kerosene surrogate at different pressures. The measured kerosene densities at relatively low temperature range, which were reported previously, 39 are also plotted in Fig. 4 for comparison. It is seen that the computed results agree well with the experimental data available. The calculated bubble point and dew point for the surrogate are respectively 423 and 437 K, which are comparable to the measured values of 415 and 452 K. In addition, the calculated critical pressure and critical temperature are 24 atm and 613 K, while the critical conditions of common kerosene are approximately 22 atm and 630 K. The data shown in Fig. 4 for temperature higher than the thermal cracking limit of ∼750 K are included only for illustration purposes.
Calculations also showed that near the critical point the speed of sound, viscosity, and thermal conductivity of the kerosene surrogate decrease to those corresponding to the gas phase, while its heat capacity and specific heats increase dramatically. Considering the temperature and pressure in the fuel delivery system of practical scramjet engines could be supercritical or near the critical point, the accurate determination of the fuel properties is imperative for optimal design and effective control of the fuel system.
Results and Discussion
Flow-Rate Calibration
For the experiments using liquid atomization, the mass flow rate of liquid kerosene was determined with an orifice plate flowmeter. Calibration was carried out by measuring the actual amount of kerosene discharge within a given time duration. Figure 5 shows that at room temperature the mass flow rate of liquid kerosene varies linearly with the square root of the differential pressure across the orifice.
For the flow-rate measurement of kerosene vapor, the use of an orifice flowmeter becomes somewhat complicated because the thermophysical properties of heated kerosene change rapidly with pressure and temperature, especially when approaching the critical point. However, similar to a gas, a fluid at supercritical state can be accelerated to sonic speed as long as there is no condensation during acceleration. Therefore, the flow rates of a supercritical fluid can be measured with a sonic nozzle. The use of sonic nozzle eliminates the influence of backpressure when the sonic condition is maintained at the nozzle throat. Such a choking condition also facilitates the calculations of kerosene vapor flow rates using SUPERTRAPP. Applying the assumption of isentropic acceleration, the properties of kerosene surrogate at sonic condition corresponding to the fuel stagnation condition can be calculated. For the present kerosene sur- 6 Computed ratio of pressure at sonic condition P * and fuel stagnation pressure P f as functions of fuel stagnation temperature T f and P f using the present three-species kerosene surrogate. rogate, Fig. 6 shows the computed ratio of the fluid pressure at the choked throat (Mach one) P * to the fuel stagnation pressures P f as a function of fuel stagnation temperature T f at varying fuel stagnation pressures. The computed results clearly demonstrate that the P * /P f ratio is very sensitive to T f variations when the injection pressure is close to and greater than the critical pressure (24 atm). Figure 7 further plots the computed mass flow rate of kerosene surrogate per unit throat area as functions of P f and T f .
The procedure to determine the actual amount of kerosene vapor discharge is similar to that employed for liquid-kerosene injection.
A vapor-collecting system is instrumental in the success of accurate calibration, which was accomplished by using the condenser of an air conditioner. The measured flow rates per unit throat area at fuel injection pressures of 30, 38, and 46 atm, denoted as symbols, are included in Fig. 7 for comparison. It is seen from Fig. 7 that the theoretical calculations using the surrogate fuel are in good agreement with the measured values using China no. 3 aviation kerosene for fuel temperature below 750 K. When the fuel temperature exceeds 750 K, the computed mass flow rates can no longer be used because thermal cracking will lead to the changes in mixture composition as well as the corresponding thermophysical properties. Overall, the uncertainty associated with the determination of kerosene mass flow rate is approximately 5% by taking the measurement accuracies of the throat area, injection pressure, and fuel temperature into account.
Phase Diagram of Kerosene Surrogate
The thermodynamic modeling of the kerosene surrogate can also shed light on the understanding of physical processes associated with different injection modes. Figure 8 is the phase diagram obtained using the present three-species surrogate. The transitions of fuel states related to pure liquid-kerosene injection and supercritical kerosene injection are illustrated and compared in the following.
Assuming a Mach 7-8 flight condition, the static temperature at the inlet of a practical scramjet combustor is estimated to be around 830 K, while the combustor inlet pressure is typically subatmospheric. 2 This combustor state is then denoted as point E in Fig. 8 . Depending on the pressure and temperature of kerosene, the injected fuel would experience changes in different thermodynamic states from the injection condition to the combustor condition.
Considering the injection of liquid kerosene with a supercritical pressure (point A in Fig. 8 ) into the combustor with state E, the fuel would first undergo a sudden decrease in pressure (A → B), where atomization process commences. As the fuel droplet temperature is heated up to be above the bubble point (B → C), fuel vaporization occurs (C → D). The temperature of fuel vapor will continue to increase until reaching the static temperature in the combustor following D → E in Fig. 8 .
For the case of supercritical kerosene injection, the transition of A → F shown in Fig. 8 corresponds to the scenario that the liquid fuel is first heated to supercritical temperature under supercritical pressure, while the transition of F → E relates to the injection process. For such a supercritical fuel injection, because the fuel latent heat is zero, it can transform continuously into the gas phase without an interface. This direct fuel transformation into gas phase without involving atomization and vaporization processes is expected to enhance fuel-air mixing and subsequently facilitate self-ignition of kerosene.
Furthermore, Fig. 8 along with Fig. 4 suggests that it is advantageous to apply supercritical pressure for heated kerosene injection. When the injection pressure is subcritical, two-phase flow will be present in the kerosene heating/delivery system. The resulting twophase flow would complicate the fuel flow rate measurements and lead to difficulties in flow control. Hence, supercritical injection pressure was employed for all of the experiments carried out in this investigation.
Using the present kerosene delivery/heating/injection system, a series of experiments were conducted to characterize the injection processes, fuel-air mixing, and combustor performance, under a wide range of injection conditions, which will be presented in the following text.
Characterization of Heated Kerosene Jets into Quiescent Atmosphere
To provide insight into the injection conditions for the supersonic combustor investigation, a set of experiments was carried out to characterize the kerosene jet structure at varying preheat temperatures with a fixed supercritical injection pressure. With a given injection pressure of 4 MPa, Fig. 9 compares the direct images of four kerosene jets into quiescent atmosphere at fuel temperatures of 290, 480, 510, and 550 K, respectively. The orifice diameter of fuel injector was 0.8 mm. It is seen that the heated kerosene jet first exhibited mixed liquid/vapor plume at injection temperature of 480 K, as shown in Fig. 9b . However, at this condition the amount of kerosene vapor was much less than that of liquid phase. Further increasing the fuel temperature to 510 K, Fig. 9c illustrates that vaporized kerosene dominated the jet structure, while little amount of liquid kerosene spray was still noted. Figure 9d clearly shows that the heated kerosene nearly completely turned into vapor phase at 550 K preheat temperature. Especially, "white smoke" was observed even right at the injector exit. We note that the fuel was injected at a supercritical pressure, while the ambient pressure and temperature in Fig. 9 were much lower than the critical values. As a result, the fuel vapor condensed into liquid droplets as its temperature decreased. The increase in plume angle with increasing injection temperature demonstrated in Fig. 9 is a result of enhanced vaporization, which would in turn promote the overall fuel-air mixing.
Characterization of Heated Kerosene Jets into a Supersonic Crossflow
For visualization experiments of nonreacting kerosene jet structures in a supersonic crossflow, the cavity flame-holder was replaced by a flat-plate module with only one injection orifice of 0.8 mm. Four kerosene jets with the same injection conditions as those of Fig. 9 were visualized by injecting into a Mach 2.5 crossflow. The local static temperature and pressure at the test section are 570 K and 0.07 MPa, respectively. Figure 10 shows the corresponding schlieren images. It is seen that the heated kerosene jet structure was severely bent by the Mach 2.5 crossflow, and the bow shock ahead of the jet was evident. The penetration depths of four kerosene jets were approximately the same in the fuel temperature range of 290-550 K. This further implies that the resulting jet momentums were quite similar as a consequence of the same applied injection pressure.
For the case of pure liquid atomization shown in Fig. 10a , the spray structure in the schlieren image appeared to be dark owing to the blockage of incident light by the fine droplets. As the temperature of kerosene was increased to 480 K, the blockage of incident light by the kerosene spray, while still noticeable, was substantially reduced, as seen in Fig. 10b . Further increasing kerosene temperature beyond 500 K, Figs. 10c and 10d clearly show that the heated kerosene jet structures became more and more transparent to the incident light. Obviously, this "transparency" is an indicative of the greater extent of kerosene gasification. The fuel-air mixing time is also expected to be reduced as a consequence of this enhanced atomization/vaporization with increased fuel temperature. The present results demonstrate that it is feasible to achieve complete vaporization of kerosene and to inject vaporized kerosene into a supersonic com- bustor with comparable penetration depth as the liquid jet. Because the use of vaporized kerosene injection bypasses the vaporization process completely, the performance of a supersonic combustor is expected to be improved significantly, which will be demonstrated in due course.
Effects of Supercritical Fuel Injection on Combustor Performance
To assess the effects of supercritical kerosene injection on combustor performance, a series of experiments were conducted in a Mach 2.5 model combustor. The results were also compared to those obtained using pure liquid injection and effervescent atomization. All experiments were conducted under approximately identical flow conditions, that is, a stagnation temperature of ∼1750 K and a stagnation pressure of ∼1.15 MPa. The static temperature and static pressure in the combustor were respectively ∼800 K and ∼0.07 MPa, which would simulate a Mach 6 scramjet engine conditions. Although aviation kerosene was used in experiments, the mass flow rate of supercritical kerosene at the given injection condition was determined based on the calculations of surrogate fuel shown in Fig. 7 .
To facilitate self-ignition of kerosene in the supersonic combustor, a small amount of pilot hydrogen was used. Following the definition of Ref. 26 , the equivalence ratio of pilot hydrogen φ H and the effective equivalence ratio of kerosene φ f are determined based on the assumption that hydrogen is first consumed completely with the available oxygen and kerosene is then oxidized by the remaining air. In both liquid and vaporized injection cases the amount of pilot hydrogen ranges from 0.07-0.1. Figure 11 compares the typical static-pressure distributions along the axial direction in the model combustor using supercritical kerosene injection and liquid-kerosene atomization. The relative locations of kerosene injection, pilot hydrogen injection, and cavity flame-holder are also sketched in Fig. 11 . For combustion of liquid kerosene, the fuel was injected at room temperature and under pressure of 1.9 MPa. For combustion of supercritical kerosene, the fuel prior to injection was preheated to a desired temperature, ranging from 730 to 740 K, under a supercritical pressure of 3.8 MPa. In both injection schemes, kerosene was injected at the similar global equivalent ratio φ f of 0.37-0.38. Figure 11 clearly shows a significant increase in overall pressure level during combustion when using supercritical fuel injection. Although pilot hydrogen also contributes to the static-pressure rise, the amount of pilot hydrogen employed for the case of supercritical kerosene injection is less. In addition, Fig. 11 demonstrates that the experimental data of supercritical kerosene injections were highly repeatable within the experimental uncertainty.
A one-dimensional model, which was developed in Ref. 40 , was applied to assess the combustor performance. In this model, the flowfield within the combustor is approximated based on the measured static-pressure distribution. 40 Although the complex interactions of shocks, expansion waves, and boundary layers are not accounted for in this simplified model, the approximate flowfield is seen to be consistent with the experimental observation. Furthermore, this one-dimensional model greatly facilitates data analyses. The effect of pilot hydrogen is included in the analysis when calculating the adiabatic flame temperature. Applying the one-dimensional model, it was found that the overall combustion efficiencies for the liquidkerosene cases were approximately 65-75%, whereas those for the supercritical kerosene cases were improved to approximately 86-88%. Therefore, the use of supercritical kerosene injection is shown to increase the combustion efficiency substantially. Combustor performance of supercritical kerosene was further compared to that of effervescent atomization with hydrogen barbotage. 27, 28 Figure 12 compares the measured static-pressure profiles with a given overall kerosene equivalence ratio. The supercritical kerosene was injected at temperature of about 740 K and pressure of 4.6 MPa, while the liquid kerosene was injected at room temperature and under pressures of 2.5-3.5 MPa with barbotaged hydrogen of 1.28 g/s. The global kerosene equivalent ratios φ f in these experiments were 0.44-0.45. It is seen from Fig. 12 that the static pressures of supercritical kerosene combustion were slightly higher. On the average, the combustion efficiency of supercritical kerosene was approximately 87%, which was slightly higher than the averaged combustion efficiency of 84% for liquid fuel with hydrogen barbotage.
Conclusions
Characteristics of kerosene combustion in a Mach 2.5 model combustor using vaporized kerosene injection at various preheat temperatures, and injection pressures were experimentally investigated. A two-stage heating system with minimum fuel coking was designed and tested. The kerosene delivery system developed was able to support different injection modes, from liquid fuel injection to supercritical fuel injection.
A three-species surrogate was selected to simulate the thermophysical properties of the China no. 3 aviation kerosene over a wide range of pressures and temperatures relevant to the experimental conditions. The calculated densities and mass flow rates per unit throat area of the present surrogate were shown to agree well with the limited experimental data available. Hence, the calculated results were used to guide the selection of experimental conditions and the control of kerosene flow rates.
Schlieren results characterizing different kerosene jets into a Mach 2.5 crossflow demonstrated that the fuel state was essentially in vapor phase at an injection pressure of 4 MPa and preheat temperatures beyond 550 K, while the penetration depth remained essentially unchanged as compared to the liquid-kerosene atomization case applying the same injection pressure. Combustion tests showed that the static-pressure profiles for combustion of supercritical kerosene were significantly higher than those of liquid kerosene and also slightly higher than those using effervescent atomization with hydrogen barbotage. Correspondingly, the combustion efficiency of supercritical kerosene can be 10-15% higher than that of liquid kerosene, whereas it is considered to be comparable to that using effervescent atomization with hydrogen barbotage.
Because the increase in adiabatic flame temperature caused by fuel preheating is not substantial, the improvement in combustor performance by using supercritical kerosene injection is mainly caused by the elimination of the atomization and vaporization processes and increase in fuel-air mixing level. Recognizing that the combustor performance can be also affected by different factors, such as Mach number, cavity flame-holder geometry, fuel injection scheme, and combustor configuration, further parametric investigation on the use of supercritical kerosene is warranted.
